The first stars forming in minihaloes at redshifts greater than 20 may have been very massive and could have left behind massive black hole (MBH) remnants. In a previous paper we investigated the hierarchical merging of these MBHs and their associated haloes, using a semi-analytical approach consisting of a hierarchical merger tree algorithm and explicit prescriptions for the dynamics of merged substructure inside a larger host halo following a merger. One of the results was the prediction of a number of MBHs orbiting throughout present-day galactic haloes. In addition we determined the mass accretion rate of these MBHs assuming that they could in principle remain embedded in a gaseous core that is a remnant of the haloes with which the MBHs were associated before merging with the host system. On this basis we determine in this paper the bolometric, optical and X-ray luminosity functions for the accreting MBHs using thin disk and advection dominated accretion flow models. Our predicted MBH X-ray emissions are then compared with observations of ultraluminous X-ray sources in galaxies. We find that the slope and normalisation of the predicted X-ray luminosity function are consistent with the observations.
INTRODUCTION
The first stars in the Universe may have been very massive and left behind massive black hole (MBH) remnants. A number of recent semi-analytical (Hutchings et al. 2002; Fuller & Couchman 2000; Tegmark et al. 1997 ) and numerical investigations (Bromm, Coppi & Larson 2002; Abel, Bryan & Norman 2000) suggest that the first stars in the Universe are likely to have formed inside molecular clouds that fragmented out of the first baryonic cores inside dark matter haloes at very high redshifts. For common ΛCDM cosmologies in particular these minihaloes are found to have a mass Mmin ∼ 10 5 − 10 6 h −1 M⊙ and to have collapsed at redshift z ∼ 20 − 30. In linear collapse theory this corresponds to collapse from 2.5 − 3.5σ peaks in the initial matter density field. For instance minihaloes collapse from 3σ peaks at a redshift of about 25. As stars have yet to form the first star forming clouds inside these haloes will contain essentially no metals. As a result gas cooling proceeds much more slowly than at present, raising the possibility that further fragmentation of the clouds leads to rather large proto-stellar cores and ultimately more massive stars than today potentially as massive as 10 3 M⊙ (Bromm, Coppi & Larson 2002; Omukai & Palla 2001) . As yet nothing definite is known about the initial mass function (IMF) of these stars. However, their large mass will see many of them ending up as black holes of essentially the same mass -gravity is so strong that not even ejecta of a final supernova can escape (Heger et al. 2002) . This high redshift population of remnant MBHs may consitute the seeds for the build-up of more massive MBHs in the course of subsequent hierarchical merging processes involving the MBH's host haloes.
In a previous paper (Islam, Taylor & Silk 2003 , herafter ITS03) we used a semi-analytical approach to follow the hierarchical merging of these MBHs together with their associated haloes. The code we used combines a Monte-Carlo algorithm to generate halo merger trees with analytical descriptions for the main dynamical processes -dynamical friction, tidal stripping, and tidal heating -that determine the evolution of merged remnants within a galaxy halo. We have assumed that in each dark minihalo forming at z ∼ > 20 one MBH forms as the end result of any primordial star formation occurring inside the halo.
For our computations we considered three different formation redshifts of minihaloes and seed MBH masses as summarised in table 1. Our choice of a seed MBH mass of 260 M⊙ is motivated by the result of Heger (2002) that massive stars above this mass will not experience a supernova at the end of their lives but will collapse directly to a MBH of essentially the same mass. In ITS03 we investigated the abundance of MBHs in present day galaxies as a result of this process of hierarchical merging and dynamical evolution. This is shown in figure 1. We now look at how these MBHs could be observed and thus the model be tested. As the MBHs travel on orbits outside the galactic centre they will emit in the optical, UV and X-ray part of the spectrum due to accretion of matter in their direct vicinity. This matter can be either the interstellar medium (ISM) of the host or remnant material of the original satellite that remains bound or otherwise associated with any given MBH. While optical and UV emissions could in principle arise from a variety of sources and be subject to a range of absorption and distortion mechanisms, X-ray emissions are more uniquely associated with accreting black holes. In addition hard Xrays are much less subject to absorption. Observations of luminous and ultra-luminous X-ray point sources associated with galactic haloes in the local Universe could therefore provide constraints on the existence and abundance of a population of MBHs. Optical and UV observations could then be used as a follow up to confirm the case for detection of a MBH.
In section 2 we outline the accretion scenarios and mechanisms we considered. In particular these include thin disk and advection dominated accretion flows. In section 3 we present the resulting optical and X-ray luminosity functions for MBHs orbiting in present-day haloes. This is then compared with observations of ultraluminous X-ray sources (ULXs) in section 4. We sum up our results and conclude in section 5.
ACCRETION PROCESSES

Accretion rates
We assume that accretion onto MBHs orbiting in presentday haloes is given by the Bondi-Hoyle mass accretion rate (Bondi & Hoyle 1944; Bondi 1952) 
Here cs is the sound speed in the gas and ρg its densityboth far from the MBH. v• is the velocity of the MBH and racc the accretion radius
giving an accretion rate
where we have used βs ≡ v•/cs (Chisholm, Dodelson & Kolb 2002) . If the MBH accretes adiabatically from a gas of pure hydrogen this iṡ
If a constant fraction η of the accreted mass is radiated away, the bolometric accretion luminosity of the MBH is then
where c is the speed of light.
In what follows we assume that while the nature of the accretion process is somewhat uncertain, the overall mass accretion rate is essentially determined by the Bondi-Hoyle formula. This implies, that we neglect the possibility that the mass accretion rate is modified e.g. by a non-negligible mass of an accretion disk that may form around the accreting MBHs. As the MBHs orbit through the host halo they accrete matter from the host ISM. In ITS03 we have shown that ISM accretion rates are too small to lead to significant accretion signatures even in regions with relatively large amounts of gas, i.e. the galactic disk and bulge.
Much higher rates are possible if MBHs accrete from a core that may remain of the satellite they were originally associated with. Such a core consisting of gas and possibly stars could remain even if the original satellite has lost all but at most a few percent of its initial mass. While insignificant for the overall dynamics of the satellite the amount of baryonic matter contained in this core could still contribute significantly to the accretion onto a MBH that is present at its centre and so boost its accretion luminosity potentially by orders of magnitude.
To determine the mass accretion rate we still need an estimate of the gas density in the baryonic core that is essentially acting as fuel supply travelling along with the MBH. Assuming that all baryonic matter has cooled in the satellites before they are subject to tidal stripping and heating in the host the outer radius of the baryonic core assumed spherical is r b ∼ 0.1rvir where rvir is the virial radius of the unstripped satellite halo of mass Mvir. The choice of r b is such that it is of the order of the galaxy light radius. If all baryons are in the form of gas and the baryon fraction in the satellite is cosmological, i.e. M b = (Ω b /Ωm) Mvir, then the mean gas density is
Substituting this into equation (5) 
Accretion mechanisms
As material gets accreted a fraction of the potential energy lost is released as radiation. The amount and spectrum of energy released in such a way depends on the accretion (flow) model, that is a prescription for the physical processes that facilitate the dissipation of energy as material moves towards the accreting MBH. We consider two of these.
Thin disk accretion
Shakura & Sunyaev (1973) proposed a model in which BHs accrete from a geometrically thin but optically thick accretion disk, which is considered to achieve the highest radiative efficiencies, typically with η td ∼ 0.1. Because it is optically thick, radiation is emitted locally with a thermal spectrum and black body temperature
whereṀ and r are the mass accretion rate and radial distance from the MBH respectively. We can convert these into dimensionless quantities and express the accretion rate in units of the 
The corresponding spectrum integrated over the whole disk is given by (Frank, King & Raine 1985) 
where r lso = 3 r• is the last stable orbit radius of the MBH and A0 = 4 π is the area of a spherical shell at unit distance from the MBH. However, in further course we treat A0 more generally as a normalisation constant. All our computations were carried out with r td = 1000r• and A0 was consequently renormalised by setting ( dLν / dν)dν = L bol . The resulting spectra are shown in the panels on the right in figure  2 .
In general the accretion flow near the BH may become optically thin and absorption of photons becomes less important than scattering, which results in an increase of the mean energy of the photons radiated away. The emergent flux is thus non-thermal and has a higher temperature. Consequently in the inner parts of the disk near the MBH, equations 9 and 11 are not strictly valid anymore. Another prescription to account for the higher frequency photons is needed. This is also desirable from another point of view. MBHs are only clearly identified as BHs via an X-ray signature. However, from equation 9 the peak frequency of the photons from a standard thin disk scales as νmax ∝ T (r lso ) ∝ M 1/4
• . For the MBHs any resultant flux in the X-ray range is only significant at energies below about 1 keV. A standard thin disk alone would therefore not provide the X-ray flux by which to identify MBHs.
One could tackle this problem phenomenologically by adding a power-law spectrum extending into the X-ray range. A power law X-ray spectrum is well established for AGN that are driven by SMBHs and is also found in recent observations of ultra-luminous galaxian off-centre Xray sources that could well be accreting MBHs (Colbert & Mushotzky 1999; Wang 2002) . However, instead we consider a different model that has recently been developed particularly with a view to explaining the emission spectra from accreting SMBH in low-luminosity AGN. This is an advection dominated accretion flow.
Advection dominated accretion flows (ADAFs)
In the ADAF model, once the accretion rate drops below some critical rateṁcrit, which we define below, accretion switches to an 'advection dominated accretion flow' (ADAF) (Ichimaru 1977; Rees et al. 1982; Narayan & Yi 1994; Manmoto, Mineshige & Kusunose 1997) . Because of the low accretion rates the density of the accreted gas is low, too. The gas, not being able to cool, efficiently stores thermal energy instead of radiating it away and carries it into the BH. On the other hand, because the accretion flow is optically thin the spectrum of the emergent radiation is modified by scattering processes. The main processes are synchrotron emission, bremsstrahlung and comptonisation. For more details the reader is referred to the review by Narayan, Mahadevan & Quataert (1998) and references therein.
The spectrum emitted from a BH accreting in this way depends on a range of parameters such as the mass accretion rate , the viscosity parameter and the relative contribution of magnetic fields. Typically the spectrum has to be determined numerically, but can be approximated by analytic scaling relations (Mahadevan 1997). Using these, the total radiative efficiency for an ADAF, η adaf can be expressed in terms of that of a thin disk, η td as
for a typical set of parameters as given in Mahadevan (1997) . Hereṁ is the mass accretion rate in terms of the Eddington accretion rate, α is the viscosity parameter (α ∼ 0.1 to 0.5), θe = kB Te/(me c 2 ) is the electron kinetic energy in units of their rest mass energy. g(θe) ≈ 11.5(Te/10 9 K) −1.3 is a measure of whether electrons in the flow move at relativistic speeds or not. Typically g ∼ 1 to 10 for electron temperatures 2 × 10 9 < Te < 10 10 K. We can determine an equilibrium electron temperature which is approximately
Generally the effect of ADAFs is to reduce the overall radiative efficiency compared to that from thin disk accretion, although individual regions of the accompanying spectrum, especially the X-ray band, tend to be much stronger than for a thin disk.
As mentioned above the thin disk and ADAF regime can be delineated by the critical mass accretion rateṁcrit which is given byṁ
For rates aboveṁcrit the ADAF mechanism breaks down and in this regime we will work with the thin disk model. For low values of α 0.1 accretion may switch to a 'convection dominated accretion flow' (CDAF) (Ball, Narayan & Quataert 2001) , which is characterised by much stronger suppression of mass accretion. We will neglect this possibility here as we work with α = 0.3 in the computation of spectra and luminosity functions for our model. This is also the fiducial value used in the work of Mahadevan (1997). We will briefly consider changes in α below.
In paper I we have seen that MBHs do not accrete at more than 1/10 of the Eddington rate with most accreting at less than 1/100. I.e. the ADAF model can be applied to most MBHs we are dealing with.
The three dominant contributions to the continuum spectrum of an ADAF are those from synchrotron and bremsstrahlung emission as well as comptonisation, which can all be separately approximated by scaling laws (Mahadevan 1997) . In the radio-submillimeter range synchrotron emission dominates and the luminosity (per unit frequency) scales as
up to a peak frequency νp given by
Photons from synchrotron emission can get comptonised, which raises their energy up to a limit given by the electron temperature kB Te. Since most synchrotron photons are emitted at ν = νp we can make the simplifying assumption that this is the initial frequency for all photons to be comptonised. The comptonisation spectrum is then simply
where the power law index is primarily a function of electron temperature and mass accretion rate
There is a constant contribution from bremsstrahlung emission that also tails of exponentially at the maximum frequency implied by the electron temperature. Bremsstrahlung only becomes prominent in the UV/soft Xray range if αc > 1, such that power from Compton emission effectively decreases with increasing frequency
If θe < 1, F (θ) takes the form
whereas for the case θe > 1, F (θ)
The resulting spectrum is shown in the left panels of figure 2 for a range of MBH masses and accretion rates ranging fromṁ =ṁcrit toṁ = 0.03ṁcrit whereṁcrit = 0.0252 for α = 0.3 which we use for all our computations. We see that only ADAF accreting MBHs display significant X-ray emission. It is therefore mainly MBHs that could be identified as such by their X-ray signature. Conversely, while optical and UV observations may be used as follow-ups, the sources that are most luminous in this range are accreting from a thin disk and so will not have any associated strong X-ray emission.
X-ray hardness ratios
For our predictions we have computed the X-ray emissions for the energy range between 0.5 < h ν < 2.0 keV and 2.0 < h ν < 10.0 keV , which we call the soft and hard Xray bands respectively. Both bands lie in the Bremsstrahlung part of the ADAF spectrum where dL/ dν = 1, i.e. the photon counts from both bands are the same; their hardness ratio is equal to 1. Unfortunately, observations from XRBs can yield similar values, so it will not be easy to distinguish between MBHs and XRBs on the basis of this alone. The combined thin disk + ADAF model that we used, means that we can also have sources with large soft X-ray luminosities and very small hardness ratios. This is the case par-ticularly for seed MBHs for which thin disk accretion reaches furthest into the soft X-ray regime, and there actually dominates over the respective ADAF contribution (c.f. figure 2). In section 3.2 we see that this leads to a distinctive 'bump' in the soft band luminosity function. These sources should be identifiable by their very low hardness ratio.
PREDICTED LUMINOSITY FUNCTIONS
Using the spectral models outlined above we have computed optical and X-ray luminosities of accreting MBHs in presentday haloes. For comparison we show in figure 3 the bolometric luminosity functions, obtained in ITS03.
Optical emission
For the MBH masses we are looking at here the optical region lies within the Rayleigh-Jeans part of the extended black body spectrum that characterises the corresponding 
and the constant A1 depends on the MBH mass and accretion rate as
In the ADAF regime it is primarily synchrotron emission and comptonisation that contribute to the emission in the optical/UV range, with the corresponding scalings given in equations 15 and 17. Figure 4 shows the B-band luminosity function. The dashed line represents the contribution from ADAF emission with the rest, primarily at large luminosities, coming from thin disk emission. Apart from our fiducial value for the viscosity parameter, α = 0.3 we have also given results for α = 0.5 which are shown in blue. While the results for ADAF emission are typically not too sensitive to changes in ADAF parameters, results are affected more strongly by changes in α, but only through its direct impact on the value ofṁcrit (c.f. 14). As a result the most important effect of increasing α is to extend the number of ADAF emitting sources to larger luminosities. Since a thin disk radiates more efficiently than an ADAF this results in a lower abundance of sources at very large magnitudes in the optical range. For smaller values of α we get a correspondingly larger number of thin disk accreting sources. However, we found that for a value of α = 0.1, for instance, the resulting luminosity function in the B-band displays a significant 'dip' which is also somewhat present for α = 0.3 in the case of the most massive 1.6×10 13 M⊙ halo in figure 4. We will deal with the results for the X-ray range in the next section, but note at this point that a higher (lower) value of α would result in a larger (lower) abundance of sources in the X-ray regime, emission in which is mainly produced in ADAFs.
In figure 5 we show the B and V band luminosity function of MBHs within some projected distance from the host centre normal to the line of sight. Here we have included all MBHs within the respective host virial radius along the lines of sight passing within some projected distance from the centre. We will subsequently refer to this as the projected luminosity function. The projected luminosity function can more easily be compared with observations, which typically refer to sources within galaxies. In each case the function is plotted for MBHs sources within Rproj = 0.1, 0.03, 0.01 Rvir from the host centre, where the latter corresponds roughly to the outer radial extent of the galaxies in the haloes. Across all halo masses we find that a fraction of about 30, 9 and 0.9 % respectively of all halo MBHs are located within the projected distances listed above. Since there is no discernible difference in the relative distribution of MBH masses at different radii (ITS03), this means that for any one MBH in a given mass/accretionrate/luminosity range and within Rproj = 0.1Rvir there are about two more in the halo.
We have marked with bold black arrows the luminosity range below which ADAF emission dominates.
It is important to note that these luminosity functions only provide an upper limit on what could actually be detected. We have here neglected the effect of absorption which is expected to significantly reduce the flux of optical and UV photons due to dust and neutral hydrogen respectively in the IGM and ISM. The latter affects particularly the light from sources whose line of sight passes closely to the galactic cen- tre, such as those with Rproj < 0.01Rvir and located on the far side of the halo. We would expect this effect to be less important in gas-poor ellipticals. Even if absorption is accounted for, the large luminosity of the accreting MBHs by itself may not be sufficient to identify them as such. As they appear as point sources they could in principle also be distant and/or low-luminosity AGN. For the largest accretion rates,ṁ ∼ 0.1 (ITS03), at which MBHs accrete from a thin disk in our model, it is possible that emission occurs in the form of (mini) jets which may be observable even though the optical and UV output from across the accretion disk may not.
X-rays
In our model X-rays are primarily emitted by ADAF accreting MBHs. Emission in the X-ray range is dominated by comptonisation or bremsstrahlung depending on the Compton spectral power law index, αc (eq. 18). The two contributions are determined by the scaling relations equations 17 and 19.
In figure 6 we present the projected X-ray luminosity function, both in the 0.5 -2.0 keV and 2.0 -10.0 keV energy range. Again we have ignored the issue of absorption here, which can be important primarily for the softer 0.5 -2.0 keV X-ray band.
X-ray emissions are the primary signature to look for in observations and we already mentioned that optical and UV detections are probably useful only as follow ups due to the range of potential sources and the absorption issue. Another secondary diagnostic would be to see whether any correlations exist between different parts of the emitted spectrum. However, this would be extremely dependent on the accretion model. For instance, in the ADAF model that we used, the shape of the spectrum near the exponential cut-off in the X-ray regime and in the radio/submillimeter range is essentially unaffected by the mass and accretion rate of the MBH (c.f. figure 2) . If a MBH accretes via an ADAF we would therefore expect a correlation of the radio and X-ray luminosities.
COMPARISON WITH OBSERVATIONS
We now compare our predictions with observations. As we have already noted, X-ray emissions will be the most important trace to look for. We will therefore confine our comparison to X-ray observational data only and further more to sources which have been identified as belonging to a galaxy.
In our predictions we have generally not taken into account absorption of MBH emission either in the originating galaxy as well as ours. To minimise the former one would want to look for sources in external galaxies that we see face-on. This is especially important for gas-rich spirals. To account for the extinction from the IGM and the Milky-Way's ISM all-sky extinction maps can be used (Schlegel, Finkbeiner & Davis 1998) . These allow a determination of the average hydrogen column density between us and the target galaxy.
Observations of ultra-luminous X-ray sources (ULXs)
Our model predicts the presence of ultra-luminous Xray sources (ULXs) in galaxies and their haloes. By ULX we refer to any compact X-ray source with LX ∼ > 10 38 erg s −1 . Early observations revealed that some galaxies contain ULXs (Fabbiano 1989 ) outside the nucleus of the galaxy. Subsequently a number of studies discovered more ULXs based on observations from the ROSAT and ASCA satellite missions (Colbert & Mushotzky 1999; Makishima et al. 2000; Roberts & Warwick 2000; Colbert & Ptak 2002) .
The number of observations has soared with the advent of the Chandra and XMM satellite missions. These boast a superior resolution and pushed higher the number and distance of galaxies in which ULXs can now be observed. It has initially been argued that the fact that sources emit at larger than 10 39 erg s −1 requires a larger than stellar mass BH, if emission is Eddington limited and occurs isotropically. However, if ULXs do not emit isotropically but rather correspond to beamed emission that happens to be aligned with the line-of-sight, stellar mass BHs can in principle also be the source (King et al. 2001; Zezas & Fabbiano 2002) . A depar- ture from isotropy implies that the Eddington luminosity is no longer a limiting factor, too. Radiative emission does not necessarily act along the same axis as the accretion flow anymore. High mass X-ray binaries (HMXRBs) have been suggested as candidates for these sources. Within galaxies ULXs appear to be found predominantly in star-forming regions (Kilgard et al. 2002; Zezas & Fabbiano 2002) , i.e. they seem to be associated with starburst galaxies or the spiral arms of disk galaxies. For a number of these galaxies it was found that the ratios of ULX number to massive star formation rates are similar (Smith & Wilson 2003) All this implies that X-ray binary systems could well constitute the ULXs since they are likely to have formed in star-forming regions.
However, multi-colour disk (MCD) spectral fits indicate that the maximum colour temperature associated with some sources is significantly lower than would be expected for a stellar mass BH system. If the maximum temperature arises from emission close to the inner radius of the accretion disk and we assume this to be the BH's last stable orbit, a lower temperature implies a larger stable orbit and thus a more massive BH (Wang 2002) . Rather large numbers of ULXs have been detected in some gas-poor ellipticals (Jeltema & Canizares 2003) and Colbert & Ptak (2002) find that the number of ULXs per galaxy is actually higher for ellipticals than for non-ellipticals. The connection between ULXs and star formation established for spiral galaxies therefore does not appear to be universally valid. The alternative of MBHs as ULXs thus appears in a stronger position.
In the baryonic core scenario we have not distinguished whether the accreting MBHs are orbiting in a system with a central spiral/disk or elliptical/lenticular galaxy. We have argued that baryonic cores survive the tidal stripping process as they get incorporated in a larger host halo. Only a passage very close to the host centre induces impulse heating to an extent that may rip the baryonic core away. It is conceivable that a similarly strong shock is imparted to baryonic cores as they penetrate the disk where it exists. This effect has been shown to be important for disk encounters of globular clusters (Binney & Tremaine 1987) . In galaxies where the disk has remained relatively undisturbed for a long time, i.e. no recent major mergers have occurred, we would then expect to find a smaller number of baryonic core accreting MBHs. This argument further boosts the case for MBH ULXs in ellipticals.
A number of ULXs seem to be located in globular clusters (Jeltema & Canizares 2003) . At first sight this again seems to support binaries as ULX sources. However, in the context of our model, MBHs are consistent with this. Globular clusters could be seen as the visible remnants of the baryonic cores associated with the MBHs.
To distinguish between binaries and MBHs on the basis of fits to ULX spectra alone implies that an assumption is made about the underlying physics of emission that would need to be verified independently. In addition, for some of the more distant sources the detected count rates are in fact so low that spectral fits cannot be carried out. Instead the hardness ratio of the number counts in a soft and a neighbouring hard X-ray band are used. The latter is further complicated by the fact that low energy ('soft') X-ray photons are absorbed more strongly than high energy photons, although the observations quoted typically account for this (e.g. on the basis of the extinction maps mentioned above).
Here we will only use spectral information to the extent that they allow to determine X-ray band luminosities from photon counts. However, spectral fits will not be used to make any inference concerning the ULX source object. We simply note that while binaries may explain the majority of ULXs, especially in star-forming galaxies, MBHs remain a valid candidate, too. In comparing with observations, our aim is thus to show that MBH sources could account for at least some of the ULXs observed. Table 2 gives a summary of the observations of point sources in individual galaxies that we are considering. Their inferred masses roughly place them in a category with the 1.6 × 10 12 M⊙ halo in our model. Observed sources are considered roughly within the light radius of the galaxy. Where observations do cover regions significantly outside this radius it is typically an area to one side of a galaxy that happens to be still covered by the detector. Interestingly a number of ULXs are detected in this area as well. Estimates of the ex-pected number of background objects (AGN, SN etc.) show that they can account for most of the ULXs observed outside the light radius although the error margins are large. A number of sources outside the bulge have projected locations that appear to be in the disk. In this case background sources cannot account for the relatively large number of sources that seem to lie in the disk. On this basis it is maintained that these sources therefore are actually located in the disk, where their number can be explained more naturally. For sources with apparent locations in the disk as well as outside the light radius our model offers the alternative explanation that some of these sources could also be located throughout the halo but inside a column along the line of sight that projects onto the disk.
Before comparing our predictions with observations a note on how to interpret results: A comparison of predictions with observations for any individual halo or galaxy should be viewed with care. Particularly where a number of objects close to one is predicted, only observations from a statistically significant sample of galaxies provides an adequate basis for comparison.
'Consistency' between observations and predictions then means two different things: For large samples of galaxies it means that their averaged properties should compare with predictions to within the error, which is much smaller than the standard deviation we have quoted on all our results so far. On the other hand for any individual galaxy the discrepancy between observations and predictions of a given property should be at most of the order of the standard deviation.
We first look at how our results compare with observations of sources in individual galaxies. Figure 7 shows the cumulative X-ray luminosity function from observations and those that we predict for a 1.6 × 10 12 M⊙ halo, which would be expected to host galaxies of the mass we are comparing with. For our predictions we have chosen two different X-ray bands as shown in the figure to match those from the observations more closely. Our predictions are consistent with the data from the individual galaxies if we only consider the ADAF emissions. Inclusion of the thin disk component leads to a much flatter slope and an over prediction of sources at the high luminosity end. The flat slope essentially bridges the gap in the differential luminosity function between ADAF accreting MBHs and a small number of MBHs accreting from a thin disk as shown in figure 6. Whether the thin disk is included or not, MBHs cannot account for the large number of sources at low luminosities, which is not a problem as we expect XRBs to certainly dominate this regime.
For luminosities larger than LX ∼ 10 38 erg s −1 the predicted average numbers of objects are near or below 1 and we have to compare with observations of a statistical sample of galaxies. The two data sets we are using for this are that of Roberts &Warwick (2000, hereafter RW00) and Colbert & Ptak (2002, hereafter CP02) . Both sets of observations have been obtained using the ROSAT High Resolution Imager (HRI) instrument. In comparing with these observations we have now quoted the error on the mean (and not the standard deviation) for our predictions. The two sets of observations vary fundamentally in that CP02 only consider galaxies that do contain ULXs. They find a total of 87 sources in 54 galaxies of which 15 are ellipticals. They note that in their sample the number of ULXs per galaxy is larger for ellipticals, which account for a total of 37 ULXs. This corresponds to 2.3 ULXs per galaxy for ellipticals compared to 1.3 per galaxy in the case of non-ellipticals. As the CP02 sample only counts galaxies that contain ULXs the derived luminosity and spatial distributions will have a systematic offset towards higher abundances.
The differential and cumulative luminosity functions are shown in figure 8 for the observations and our expected source population for the galaxy sized 1.6 × 10 12 M⊙ halo in model A. We note that the luminosity bands used in the two data sets are different; while RW00 quote results for the ROSAT 0.1 -2.4 keV band, CP02 give their data for the 2.0 -10.0 keV range. To match these we have slightly changed our soft bands from the one used above (0.5 -2.0 keV). Further we have only taken into account sources at radial distances less than 10 % of the halo virial radius, which corresponds to about R < 30 kpc for this halo. This is also of the order of the limiting radii below which sources in the CP02 sample are considered as belonging to a galaxy.
Between 3 × 10 38 and 10 40 erg s −1 our predictions in the hard band and the soft band without the thin disk contribution match the slope and normalisation of RW00. For lower luminosities the down-turn (tailing off) in the differential and cumulative distribution of the RW00 data is probably due to incompleteness. Even if no MBHs were present there would still be enough XRBs to match or exceed the number of objects at lower energies. Including the thin disk in the soft band leads to the black curve on the right, which is ruled out even by the CP02 data which, as we mentioned above, is biased towards higher abundances.
A power-law best fit yields a logarithmic slope of −0.83 ± 0.03,−0.78 ± 0.01 and −1.08 ± 0.01 for our prediction, RW00 and CP02 respectively.
The problem of too high luminosities when including the thin disk component can be remedied in several ways. One is by considering that a thin disk may not actually be present or not present anymore: The relatively large accretion rates in MBHs accreting from thin disks may have just exhausted the baryonic core if the latter was not large enough to start with. Past merger activity of MBH hosts may also have triggered periods of mini-quasar activity that has lead to a faster depletion of gas in the baryonic core.
A second and more general possibility is that accretion rates were much smaller from the outset. The baryonic core accretion rates we determined were all based on a number of assumptions that yield an estimate accurate to an order of magnitude at most. If the accretion rates were in fact lower by only a factor 5 or so, accretion rates -even for the highest ones withṁ ≈ 0.1 -would fall below the critical accretion rate (eq 14) and all MBHs would accrete in ADAF mode. However, abandoning the thin disk contribution would also remove the corresponding abundance of sources in the high luminosity end of the B and V band luminosity functions.
In figure 9 we show the number of sources vs projected distance from the centre. The predictions we show are for model A and the same parameters as in figure 8. We did omit the results for the soft band without the thin disk, as this curve is essentially the same as the one for the hard band. The slopes of the spatial distribution of the latterand by extension also that of the soft band without thin disk -also match that of the observations reasonably well. Table 2 . Summary of X-ray observations. All galaxies are spirals except for ellipticals which are denoted '(E)'. All observations were carried out with the ACIS instrument on Chandra except for the observation of M31 which was observed with Chandra's HRC instrument.
Galaxy
Energy range Region surveyed # ULXs Reference . Cumulative X-ray luminosity functions for galaxies (see text) observed with Chandra. The red and black lines show our predicted cumulative luminosity functions for different X-ray bands. The dashed and solid line correspond to models A and C respectively for sources with projected radii < 30 kpc from the galactic centre. The dashed-dotted line corresponds to the 0.1 -10.0 keV prediction for model C that includes the contribution from a thin disk.
However, agreement gets increasingly worse for the RW00 sample towards small host distances where its slope gets considerably steeper. This is probably because RW00 have imposed a limiting minimum angular distance below which they did not consider any sources to avoid confusion with a central source. We could not find any indication for MBH 'luminosity segregation' within haloes, which is in line with the same negative finding for the radial distribution of MBH masses as noted in figure (ITS03) .
Apart from the systematic bias in the CP02 data the normalisation is also affected by varying degrees of completeness in the two samples. For instance the CP02 set features no source with LX < 10 39 erg s −1 , while the RW00 data are restricted to much smaller radii. Both CP02 and for predictions from model A (1.6 × 10 12 M ⊙ halo) and observations. Note in particular the similar slope for luminosities larger than 10 38 erg s −1 . Only sources at radial distances larger than R > 0.01 R vir ≈ 3 kpc were considered. The predicted values only account for sources at projected distances less than R proj < Figure 9 . Projected radial distribution of off-centre as predicted from model A (1.6 × 10 12 M ⊙ halo)and observed, in both cases for sources with L X > 10 38 erg s −1 . Only sources at radial distances larger than R > 0.01 R vir ≈ 3 kpc were considered. The predicted values only account for sources at projected distances less than R proj < 0.1 R vir ≈ 30 kpc.
RW00 maintain that contamination with background AGN is rather small and accounts for no more than about 11 -13 % (RW00).
In the near future compilations of better data should be available using the superior resolution of the XMM and Chandra satellite observatories. One of the first comparable studies is the recent one by Swartz, Ghosh and Tennant (2003) , for which the data are however as yet unpublished.
Another way to probe the nature of the objects that constitute ULXs ( as well as less luminous MBH powered sources) is to look at variability time scales of X-ray emission. A tentative linear relation between variability time scale and BH mass has been established although with large uncertainties (Markowitz et al. 2003) . The relation was found to apply to both the SMBHs powering the AGN of Seyfert 1 galaxies as well as stellar mass galactic X-ray binary systems. Since XRBs display variability across a wide range of time scales, this relation, if confirmed, is probably only usefully applied to large samples of ULXs. If both HMXRBs as well as MBHs power ULXs, variability studies might help establish the existence of two distinct time scales on which ULXs should be found to display variability although with large scatter.
4.2 Baryonic core accretion at the centre of dwarf galaxies and globular clusters ?
MBH accretion from baryonic core remnants raises the question of whether dwarf galaxies and star clusters are likely sites for the observation of MBHs and thus luminous Xray point sources. In the hierarchical structure formation scenario dwarfs orbiting inside the haloes of larger galaxies correspond to satellite systems and could in principle contain accreting central MBHs. For a Milky-Way sized halo the semi-analytical scheme we used predicts these dwarfs to orbit at distances ∼ 50 − 300 kpc, where the latter is of the order of the virial radius of the Milky-Way's dark matter halo. All known satellites of the Milky Way do lie in this range and we look at relevant X-ray observations of these in the next section. For smaller distances any satellite system is more likely to have been partially or fully stripped. We referred to MBHs in these systems as naked, i.e. MBHs that, although embedded in a baryonic core, are not associated with any extended stellar/gas distribution. Here we would not expect to observe anything other than accreting MBHs unless a significantly large number of stars is contained in a relatively small region around the baryonic core.
This description appears to fit at least some globular clusters (GCs). A lot of the observations we have considered above find that ULXs appear to be associated with GCs. Among the formation scenarios that are considered for GCs are that they represent remnants of high redshift pre-galactic fragments (Beasley et al. 2002) or even that they were formed in minihaloes that gave rise to the first massive stars (Lin & Murray 2002) . In the context of our model both could correspond to (remnants of) small sized, high redshift satellite systems. As such they are consistent with the existence of a baryonic core accreting MBH at their centre. The lack of gas in GCs is not really an obstacle, as we already pointed out that a baryonic core of accretable gas can in principle be very small. What is more of a problem is the required mass for an MBH to appear as an ULX inside a GC. The high redshift origin of GCs implies that at their formation MBHs only had a mass equal to the MBH seed mass. MBHs if these masses typically only accrete small fractions of the their Eddington accretion rate and only in few cases this is large enough to power a ULX. However, there is still the possibility that since then the MBHs may have grown significantly for instance through stellar dynamical processes inside the clusters (Ebisuzaki et al. 2001; Mouri & Taniguchi 2002; Miller & Hamilton 2002; Portegies Zwart, McMillan 2002) .
Sources in and around the Milky-Way
The mass of the Milky Way corresponds to that of a galaxy that would be hosted inside a 1.6×10 12 M⊙ halo. For this we predict an average number of up to three (model C) MBH sources with X-ray luminosities exceeding 10 38 ergs −1 within 10 % of the virial radius from the centre. This is the radius which we have taken roughly as the radial extent of the galaxy. A recent survey of X-ray sources in the galaxy was carried out by Grimm, Gilfanov & Sunyaev (2002) . Their work considers sources in the 2.0 -10 keV band, which gives probably the best representation of the sources; the optical and soft X-ray bands are likely to be severely affected by the large hydrogen column densities in the disk. Crucially the largest part of the sources and all of the most luminous ones above 10 38 ergs −1 have been positively identified as being binary systems. The unidentified sources have luminosities significantly less than 10 38 ergs −1 .
Let us assume for the moment that the X-ray luminosity is close to the maximum in the ADAF spectrum. Even then the absence of any ultra-luminous X-ray source in the Milky-Way that has not clearly been identified with a binary system is consistent with our predictions. On average we would expect about one to two ULXs as can be seen in figure 7, but the standard deviation means that a zero count is possible. That this limit could apply to the Milky-Way is also indicated by the mass of the Milky-Way's central SMBH (2.6 × 10 6 M⊙ ), which lies significantly below the MSMBH − M bulge and MSMBH − σc relations determined from observations (Kormendy & Gebhardt 2001 ). If we assume that gas accretion has increased the mass of the Milky-Way SMBH by the same factor as in all other SMBH then the lower mass must be due to a lesser number of major mergers. The latter implies that we would then also expect a correspondingly lower number of massive and thus luminous accreting halo MBHs. Figure 10 shows the cumulative X-ray luminosity function for the entire halo of a Milky-Way sized galaxy. We have chosen a soft X-ray band in the energy range 0.1 -2.4 keV to compare with observations of galaxies in the local group as compiled by Zang & Meurs (2001) . We are particularly interested in those local group galaxies that are satellites of the Milky Way. The observations focus on the core regions of these galaxies, which is where we would expect MBHs to reside, if they are present at all. For all known dwarf satellites of the Milky Way the X-ray luminosity from their cores does not exceed ∼ 10 37 erg s −1 and typically is much lower. However, for the larger satellites the situation looks different. For the LMC, for example, Kahabka (2002) finds a number of sources at X-ray luminosities larger than 10 38 erg s −1 that have been classified as binary systems. Since the classification of binaries has been done on the basis of X-ray hardness ratios this leaves open the possibility that some of them could be accreting MBHs.
SUMMARY AND CONCLUSIONS
We have computed the observational consequences of a population of MBHs in galactic haloes. What makes the prediction let alone comparison with observation difficult is that the abundance and masses of the MBHs fall right in the middle of the range marked by the presence of one galactic super-massive BH at one end and that of large numbers of stellar mass binary systems at the other. For MBHs neither their mass nor their abundance and spatial distribution allows for a unique identification by any one type of observation alone. As far as optical and X-ray signatures are concerned MBHs should be just numerous enough to differentiate them from the expected count of background sources. On the other hand the MBH mass and accretion rate is not large enough for their accretion luminosity to be of a significantly different order of magnitude than that of XRBs. In this context the superior data from Chandra and XMM should allow for better spectral modelling which in turn should enable a clearer identification of the ULX sources.
We have shown that our predictions, particularly from model A, are consistent with X-ray luminosities inferred from observations. The observed X-ray luminosity is determined by fitting a spectral model to the detected count rate. Depending on the model fitted the resulting luminosity can differ by a factor of order unity, which we have deemed sufficiently accurate to compare with predictions. This uncertainty is probably less significant than that arising from the assumption made about the intervening absorbing column densities, which have a strong impact on the counts of soft X-ray photons.
However, while different spectral models may yield similar luminosities they make significantly different assumptions about the underlying emission process and ultimately the nature of the ULX source. Typical fitting models include a multi-colour disk (MCD) and/or a power law. They appeal because of the very few parameters involved. In most cases the colour temperature of the MCD implies a ∼ 1 − 10 M⊙ BH emitting at or above the Eddington rate. It seems that the ADAF model applied to sub-Eddington accreting MBHs can match not only the X-ray luminosities but also spectral range of detected counts of ULXs. We therefore propose to routinely include ADAF models in spectral fits to X-ray observations.
ADAF models do involve one or two more key param- Model A Model C Figure 10 . Cumulative X-ray luminosity functions for a 1.6 × 10 12 M ⊙ halo. The shaded area is the standard deviation around the mean number given by the lines. Only model A is consistent with the absence of sources more luminous than 10 38 erg s −1 in the Milky-Way halo.
eters, which may introduce degeneracies when used to fit X-ray data alone. The advantage is that for a single (no binary) MBH ADAFs also predict the spectrum in the optical regime and as well as the existence of a correlation of the radio and X-ray fluxes. Consequently observations in these bands could help break the degeneracy arising from the increased number of parameters. In contrast for binaries these bands may carry the spectral contribution of the visible companion, accounting for which adds more parameters, too. To fit the overall spectrum ADAFs and composite disk models for binary systems thus seem equally well placed. Because of the absorption problem optical follow-ups are likely to yield best results for ULXs that are observed at high galactic latitudes to avoid the effect of the Galactic disk. For such ULXs optical data could help distinguish between MBHs and binary systems for sources placed within galaxies. To test the prediction of MBHs in the dark matter haloes outside galaxies and distinguish them from background AGN requires a systematic survey of X-ray point sources and optical follow-ups in fields around galaxies. Our results in particular are
• We have applied a thin disk and ADAF to model the spectral signature of accreting MBHs. Applying this we predict a few ULXs on average per galaxy sized halo. This is not consistent with observations.
• This problem was found to arise from the thin disk emission which contributes a large part in the soft X-ray band. Removing the thin disk component would remedy this. MBH accretion rates only have to be lower by a factor ∼ 5 for all MBHs to switch to ADAF accretion. This is consistent with the much larger uncertainty associated with the baryonic core accretion rate.
• B and V band magnitudes reach -10, or -15 when a thin disk is included. Because of absorption these are probably more useful for follow-ups.
• For ADAF accretion alone we match the slope of the luminosity function for one statistical sample of observations, and both, slope and normalisation for another one. On average we expect to find one ULX in a Milky-Way sized galaxy, although, the actual absence of one in the Milky-Way is consistent with our predictions.
• We did not find any luminosity segregation in the MBH sources. The slope of the cumulative radial distribution of ULXs is also quite similar for observations and our prediction.
• Of the models we considered, model A (first star formation in minihaloes collapsing from 3 σ peaks at z ≈ 25) appears to be more consistent with observations than the others.
The interpretation of ULXs as HMXRBs relies to a large extent on the lack of alternatives. We believe to have shown that MBHs not only present an alternative but that, in the context of our model, they can even explain (the slope and normalisation of) the high luminosity end of the ULX luminosity function. Furthermore the observed higher prevalence of ULXs in elliptical galaxies compared to spirals is even more difficult to explain by HMXRBs. Their typical prevalence in starforming regions hardly makes them natural candidates for ULXs in ellipticals. In turn the case for MBHs as ULXs in stronger in ellipticals, since small satellites and globular clusters, which would be expected to host accreting MBHs, are less likely to be disrupted due to the absence of a disk component.
The major uncertainties in the MBH luminosities are due to the accretion rate and mass of MBHs which, as noted in paper I, are based on the assumptions of efficient merging and the presence of a constant density structure of the baryonic core. If merging does not proceed efficiently and we ignore any significant mass increase through gas accretion, no MBHs more massive than the seed MBHs are created and as a result accretion rates and X-ray luminosities would never reach the high values so as to be observable, certainly for the simple structure of the baryonic core we have assumed.
However, higher accretion rates , e.g. for baryonic cores with power law density profiles, would change this conclusion.
While the luminosities of accreting MBHs in individual bands depend on the parameters of the particular spectral model used, the predictions of luminosities in the X-ray regime for the ADAF model are generally proportional to the bolometric luminosities. That means we can restate our results more generally, by saying that if MBHs emit in Xrays some fixed fraction of the bolometric luminosity (from baryonic core accretion), they can account for the observations of ULXs. For the ADAF model that X-ray fraction happened to be in the right region to agree with observations, but more generally we can keep this fraction as a free parameter encapsulating the overall uncertainty arising from the accretion rate and the particular spectral model used.
